INTRODUCTION
Signal peptidase, the membrane-bound endoproteinase that removes signal peptides from nascent proteins as they are translocated into the lumen of the endoplasmic reticulum (Lively, 1989) , is presumed to be either part of, or closely associated with, sites of translocation of proteins into the endoplasmic reticulum (Blobel & Dobberstein, 1975) . Eukaryotic signal peptidases have been characterized only in dog pancreas (Evans et al., 1986) and chicken oviduct (Baker & Lively, 1987) , and these differ in the number of proteins associated with the detergent-solubilized purified enzyme activity. Dog signal peptidase was isolated as a complex of five proteins with estimated molecular masses of 12, 18, 21, 23 and 25 kDa (Evans et al., 1986) . Partially purified yeast microsomal signal peptidase also appears to be a complex of four polypeptides, one of which is a glycoprotein (YaDeau et al., 1991) . Hen oviduct signal peptidase (HOSP) activity is associated with an apparent complex of only two proteins, with estimated molecular masses of 19 and 23 kDa (Baker & Lively, 1987) . In purified signal peptidase preparations from these two species, the 23 kDa proteins are N-linked glycoproteins that migrate as doublets when analysed by SDS/PAGE. Each migrates as a single protein band of approx. 20 kDa following removal of carbohydrate by treatment with N-Glycanase (Evans et al., 1986; Baker & Lively, 1987) . It is not yet known which of the two proteins is required for catalysis of peptide bond cleavage or what other roles may be played by the other components in the process of translocation of nascent proteins into the endoplasmic reticulum. The data from purification of HOSP suggest that no more than two of the proteins isolated as part of the dog signal peptidase complex are required for proteolysis in vitro if the enzymes purified from these two sources are related. A comparison of molecular masses determined by SDS/PAGE analysis of the purified chicken (Baker & Lively, 1987) and dog (Evans et al., 1986) enzymes suggested that the glycoproteins may be similar because they both migrate as doublets with the same apparent molecular mass. Amino acid sequences of tryptic-digest peptides of the 23 kDa (Baker & Lively, 1987) oviduct protein were found to be similar to amino acid sequences predicted by a cDNA encoding the dog 23 kDa glycoprotein (Shelness et al., 1988) , suggesting strongly that the two proteins are related. In addition to the dog glycoprotein, cDNAs encoding the dog 18 kDa (Shelness & Blobel, 1990 ) and 21 kDa (Greenburg et al., 1989) have also been cloned, revealing that the 18 kDa and 21 kDa dog proteins are closely related proteins. In the present paper we report the sequence of a cDNA encoding the hen oviduct 23 kDa glycoprotein (GP23). The results show that the signal peptidase glycoproteins are nearly identical in dogs and chickens. Their amino acid sequences have been as highly conserved as cytochromes b and c during the 300 million years since divergence of mammals from birds. These results demonstrate that, although signal peptidases from different species have been isolated with different numbers of protein constituents, the mammalian and avian signal peptidases contain at least one common protein and suggest that the common glycoprotein may play a direct role in catalysis of signal peptide bond cleavage from nascent secretory proteins during translocation into the endoplasmic reticulum.
MATERIALS
Reagents and enzymes were obtained from the following sources: EcoRI, urea 
METHODS
Preparation of rabbit anti-GP23 antibodies HOSP was purified from chicken oviduct as previously described (Baker & Lively, 1987) . A 170 ,tg portion of purified HOSP was precipitated with 100% (w/v) trichloroacetic acid, washed with ice-cold 90 % (v/v) acetone and subjected to SDS/PAGE in a 12.5 % acrylamide gel (Laemmli, 1970) . The gel was lightly stained with Coomassie Brilliant Blue R-250, and then the GP23 band was excised and the protein was electroeluted from the gel as described by Hunkapiller et al. (1983) . Approx. 50 /tg of the electroeluted GP23 in phosphate-buffered saline (140 mM-NaCl/10 mM-sodium phosphate buffer, pH 7.2) was emulsified in an equal volume of Freund's complete adjuvant for intradermal injection into a New Zealand White rabbit. The rabbit received injections of 25,ag of GP23 in Freund's incomplete adjuvant 4 and 8 weeks after the initial immunization. Blood was collected 7 days after the second booster injection and the serum was precipitated with (NH4)2SO4 at 50 % (w/v) saturation. The precipitated immunoglobulins were dissolved in and dialysed against phosphate-buffered saline to remove the (NH4)2S04. An equal volume of glycerol was added and the antibodies were stored at -20 'C.
Immunoblotting Dog pancreas rough microsomal fraction was prepared by differential centrifugation of homogenized tissue (Walter & Blobel, 1983) . Triton X-100 was added to the microsomal fraction to a final concentration of 2.50% (w/v) (Towbin et al., 1979) . The membrane was incubated for 2 h in Tris-buffered saline/Tween (150 mM-NaCl/10 mmTris/HCl buffer, pH 8.0, containing 0.05 % Tween-20) containing 1 % (w/v) BSA, then incubated for 3 h in rabbit anti-GP23 immunoglobulins (1:1000) in Tris-buffered saline/Tween containing 1 % (w/v) BSA. The membrane was then washed with three 10 min washes in Tris-buffered saline/Tween before incubation for 2 h with goat anti-(rabbit IgG) antibody conjugated to horseradish peroxidase (1:1000) in Tris-buffered saline/Tween containing 1 % (w/v) BSA. After three 10 min washes with Tris-buffered saline/Tween, the membrane was placed in a peroxidase substrate solution (0.25 mg of odianisidine/ml and 0.005 % H202 in 10 mM-Tris/HCl buffer, pH 7.5).
Amino acid sequence analysis HOSP was partially purified from chicken oviduct as previously described (Baker & Lively, 1987) . A sample of the hydroxyapatite pool was precipitated with 10 % (w/v) trichloroacetic acid and subjected to SDS/PAGE. GP23 was electroeluted as described above and analysed by automated Edman degradation with an Applied Biosystems Model 475A protein sequencer. A second preparation of GP23 was digested with TosPhe-CH2Cl-treated trypsin, and the tryptic-digest peptides were separated by reverse-phase h.p.l.c. (Baker & Lively, 1987) . Tryptic-digest peptides were then analysed by automated Edman degradation as described above.
cDNA cloning
A chicken oviduct cDNA library in Agtl 1 (Conneely et al., 1987) was generously provided by Dr. Mark Hughes (Baylor College of Medicine, Houston, TX, U.S.A.). The library, which contained 5.3 x 106 recombinants, was prepared from total polyadenylated RNA and primed with oligo(dT). Oligonucleotide probes based on amino acid sequences of trypticdigest peptides of GP23 (Table 1) were synthesized by using an Applied Biosystems model 380A DNA synthesizer and were endlabelled with [y-32P]ATP by using T4 polynucleotide kinase. Recombinant bacteriophage plaque lifts were made with nitrocellulose filters (Benton & Davis, 1977) and screened with the oligonucleotide probes. DNA inserts obtained from Agtl 1 clones were isolated by digestion with EcoRI, and subcloned into M 13mp19. DNA sequencing was performed on both coding and non-coding strands by using the dideoxy chain-termination method (Sanger et al., 1977) with synthetic oligonucleotide primers. Both strands were sequenced to completion by the specific primer-directed method (Strauss et al., 1986 ).
Analysis of protein sequence
The hydropathy profile (Kyte & Doolittle, 1982) As a first step towards characterization of the purified oviduct signal peptidase glycoprotein (GP23), polyclonal antibodies specific for denatured GP23 were prepared. GP23 was isolated from total oviduct rough microsomal fraction that had been stripped with ice-cold Na2CO3 solution as described previously (Baker & Lively, 1987) . The detergent-solubilized microsomal proteins were subjected to chromatography on DEAE-cellulose, CM-cellulose and hydroxyapatite. This partially purified preparation of oviduct signal peptidase was then subjected to preparative SDS/PAGE and electroelution as described in the Methods section. The electrophoretically purified GP23, which was shown to migrate as a doublet with an apparent molecular mass of 23-24 kDa on analytical SDS/PAGE (results not shown), was used for immunization. With the use of immunoblot analysis (Towbin et al., 1979) , the resulting antibodies were found to be specific for the 23 kDa doublet in a partially purified preparation of HOSP (Fig. 1, lane 2) . In addition, a strongly immunoreactive doublet with electrophoretic mobility identical with that of GP23 was observed in detergent-solubilized dog pancreas rough microsomal fraction (Fig. 1, lane 1 acid sequence analysis. A single N-terminal sequence was observed with the following sequence: Met-Asn-Thr-Val-LeuSer-Arg-Ala-Asn-Ser-Leu-Phe-Ala-Phe-Ser-. Additional amino acid sequences of tryptic-digest peptides purified by h.p.l.c. were obtained as described previously (Baker & Lively, 1987) , and these sequences were used to design synthetic oligonucleotide probes for cDNA clone selection (Table 1) . Codon usage tables (Aota et al., 1988) and rules for codon selection (Lathe, 1985) were applied in the design of the oligonucleotide probes. Probe 22 was a mixture of 64 oligonucleotide sequences and probe 24 was a unique 60-nucleotide-residue sequence. Each synthetic oligonucleotide probe was end-labelled with 32P and used to screen approx. 7 x 105 bacteriophages for an oligo(dT)-primed chicken oviduct cdNA library cloned in AgtlI (Conneely et al., 1987) . Duplicate sets of nitrocellulose filters were screened with the 32P-labelled oligonucleotide probes and each of the probes was hybridized to DNA from eight plaques. The bacteriophages from these plaques were purified and DNA was isolated.
cDNA inserts were examined by electrophoresis in 1 % agarose gels (Maniatis et al., 1982) . Four of the clones were found to have inserts of approx. 1000 bp, one of which was subcloned into the EcoRI site of M 13mpl9 (Messing et al., 1981) . Template DNA from that subclone was subjected to dideoxy chain-termination sequencing (Sanger et al., 1977) .
The complete sequence of the 799 bp cDNA clone and the deduced amino acid sequence are given in Fig. 2 (Proudfoot & Brownlee, 1976) . The initiator methionine residue was identified by comparison of the predicted amino acid sequence with the N-terminal sequence of the intact protein, which begins with that methionine residue. Additionally, the nucleotide sequence upstream from the AUG is consistent with the requirements for eukaryotic initiation sites (Kozak, 1984) .
Although it is possible the GP23 could be synthesized as a precursor that undergoes limited proteolysis before insertion into the lipid bilayer of the endoplasmic reticulum, this seems unlikely.
Translation of the open reading frame upstream from the observed N-terminal methionine residue of GP23 predicts the following sequence: Leu-Pro-Tyr-Pro-Ala-Pro-Ser-Ser-Gly-CysSer-Pro-Gly-Ala-Arg-Thr-Ala-Arg-Ala-Gly-Gly-Glu. The sequence is inconsistent with common cleavage sites for precursor processing of prohormones and related proteins that typically end with one or two lysine or arginine residues (Devi, 1991) . This sequence also does not contain the structural features of a typical signal peptide. Glutamic acid is rarely, if ever, present as the C-terminal residue of a signal peptide (von Heijne, 1986) . Furthermore, the N-terminus of this sequence lacks the predominant hydrophobic domain characteristic of signal peptides that target proteins to the endoplasmic reticulum. Therefore it appears unlikely that GP23 is synthesized as a precursor with an Nterminal cleaved signal peptide. This conclusion is consistent with the structure of the dog microsomal signal peptidase glycoprotein, which also appears to be synthesized without a precursor form (Shelness et al., 1988 
AGC GTG ATG GCG GCG CTC ACC TTC GGC TGC TTC ATC ACC ACC GCC TTC
165 AAG GAG CGC AGC GTG CCC GTC AGC ATC GCC GTG TCC CGG GTC ACG CTA N-Glycanase (Baker & Lively, 1987) , an enzyme that is specific for hydrolysis of asparagine-linked glycoproteins (Tarentino et al., 1985) . Amino acid sequence analysis of five tryptic-digest peptides and of the intact protein identified 74 out of 180 residues of the GP23 protein (see underlined sequences in Fig. 2 ) without any discrepancies with the sequence deduced from the cDNA. A single tryptic-digest glycopeptide of 40 residues was isolated as the last major peak eluted upon reverse-phase h.p.l.c. of the tryptic digest of GP23 (Baker & Lively, 1987 The combined data from sequence analysis and molecular cloning revealed that the tryptic-digest maps reported in our characterization of purified HOSP had a contaminating protein (Baker & Lively, 1987) . One peptide previously reported with the tryptic-digest sequences of purified GP23 (Baker & Lively, 1987) was not found within the coding sequence of the complete GP23 cDNA sequence. This peptide, Tyr-Val-Glu-Asn-Phe-Arg, originated from a contaminating protein with an electrophoretic mobility slightly faster than GP23 that was present in the hydroxyapatite chromatography pool used for purification of GP23 by SDS/PAGE. Because the N-terminal sequence of another purified batch of GP23 yielded only one amino acid sequence that was consistent with that of the cloned sequence and because of the correspondence of the predicted amino acid sequence from our clone with that of the canine glycoprotein (Shelness et al., 1988) , we conclude that the unknown peptide is unrelated to GP23.
Analysis of deduced amino acid sequence
Analysis for membrane-spanning regions (Klein et al., 1985) suggests a single transmembrane segment from residues 12 to 28, which may anchor the protein in the lipid bilayer near its Nterminus. This region coincides with the observed hydrophobic peak at the N-terminus observed in the hydropathy plot (Fig. 3 ) (Kyte & Doolittle, 1982) . A second hydrophobic region near the C-terminus between residues 144 and 162 closely follows the site of N-linked glycosylation and is potentially a second membrane- The hydropathy index was calculated by using the method of Kyte & Doolittle (1982) with a window size of 19 amino acid residues. The positions of Cys-26, Asn-141 (the glycosylation site) and His-165 are indicated.
spanning domain or a buried hydrophobic region in a globular domain of the protein. These analyses predict a model of a transmembrane protein anchored by the N-terminus in the cytoplasm and with a larger globular domain in the lumen of the endoplasmic reticulum. Or, if the C-terminal hydrophobic domain spans the membrane, GP23 could be a bitopic membrane protein with both termini anchored in the bilayer. Either model is consistent with previously reported data that showed that the signal peptidase active site in intact microsomal vesicles is protected from exogenously added proteolytic enzymes and must therefore be located on the lumenal side of the endoplasmic reticulum (Walter et al., 1979) .
The deduced amino acid sequence was compared with current releases of DNA (GenBank release 67.0) and protein (National Biomedical Research Foundation release 27.0; Swiss-Prot Protein Sequence release 17) databases with the use of FASTA (Pearson & Lipman, 1988; Devereaux et al., 1984) . The only significant match found was the dog SPC 22/23 cDNA-sequence (Shelness et al., 1988) . No other proteins in the database at the time of this comparison have any significant similarity to the amino acid sequence of the signal peptidase glycoproteins.
Importantly, the sequence is also not related to E. coli leader peptidase (Zwizinski & Wickner, 1980; Muller et al., 1982; Wolfe et al., 1983) , signal peptidase II of E. coli (Innis et al., 1984) or mitochondrial processing peptidase (Hawlitschek et al., 1988; Pollock et al., 1988) . It is somewhat surprising that GP23 is so different from E. coli leader peptidase because the two enzymes have similar substrate-specificities (Rogenkamp et al., 1981; Muller et al., 1982; Watts et al., 1983) .
The chicken and dog glycoproteins are each composed of exactly 180 amino acid residues, of which 90 % are identical (Fig.  4) . Allowing for conservative substitutions following Dayhoff's log-odds scoring system (Dayhoff, 1978; Feng et al., 1985) or the structure-genetic matrix scoring system (Doolittle, 1979) , the degree of similarity of these two amino acid sequences is 97 0. The rate of evolution of the signal peptidase glycoprotein has been quite low since the time of divergence of mammals and birds some 300 million years ago. This rate of divergence is similar to that of cytochrome c in chickens (Limbach & Wu, 1983) and dogs (McDowall & Smith, 1965) , whose 104-residue sequences are 90 identical. The evolutionary rate of change of the signal peptidase glycoprotein is also comparable with that of cytochrome b (McDowall & Smith, 1965; Limbach & Wu, 1983) but lower than that of ,6-globin (Brimhall et al., 1977; Knochel et al., 1982) . This high degree of conservation suggests that signal peptidase may be found in essentially the same form in other vertebrate species.
We do not yet know which of the subunits purified with signal peptidase activity is, or are, sufficient for proteolysis in vitro, but our data clearly indicate that GP23 is one of two possible candidates for the catalytic subunit of HOSP. Our previous data narrowed the possibilities to GP23 and a 19 kDa protein (Baker & Lively, 1987) , and the current study proves that the glycoproteins are essentially identical in chickens and dogs. Furthermore, we also know that the 19 kDa oviduct protein is closely related to the dog 18 kDa and 21 kDa proteins (Shelness & Blobel, 1990; Greenburg et al., 1989) since we have amino acid sequences of three tryptic-digest peptides of the oviduct 19 kDa protein. One of these peptides (Baker & Lively, 1987) precisely matches residues 140-147 of SPC21 (Greenburg et al., 1989) , and the other two sequences (A. L. Newsome & M. 0. Lively, unpublished work) are very similar to sequences found in the dog SPC21 (Greenburg et al., 1989) and SPC18 (Shelness & Blobel, 1990) proteins. The dog 18 kDa and 21 kDa protein sequences
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Asn-141 Hydrophilic are similar to that of the yeast SECI 1 gene product, which has been shown by genetic analysis to be required for cell growth. SECi 1 mutants are defective in processing of signal peptides (B6hni et al., 1988) . Therefore both proteins purified with oviduct signal peptidase are also present in purified dog signal peptidase, and these two proteins may be an enzymatically active subset of the signal peptidase complex in vitro that is found in the endoplasmic reticulum in vivo.
None of the signal peptidase proteins identified thus far appear to be related to any of the known proteinase families. It may be important to note that the sequence of GP23 contains a single cysteine residue, Cys-26, and a single histidine residue, His-165. If GP23 is the catalytic subunit, signal peptidase could be a thioldependent proteinase, since enzymes of this class require both a cysteine residue and a histidine residue in the active centre (Polgar & Halasz, 1982) . Interestingly, dog SPC 22/23 contains two histidine residues, but only His-165 is conserved in both species, suggesting that it may have a functional role. Cys-26, which is present in both proteins, is located in the C-terminal end of the putative membrane-spanning domain, which would place it near the luminal face of the endoplasmic reticulum bilayer. If the predicted orientation in the membrane is correct, Cys-26 may be in a hydrophobic environment (Fig. 3) near the luminal surface of the endoplasmic reticulum, where signal peptidase is believed to act on nascent proteins (Walter et al., 1979 
